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MAGNETIC FIELD PATTERNING OF of nickel MOD precursor ink is challenging because nickel 
NICKEL NANOFIBERS USING PRECURSOR easily oxidizes upon contact with air . 

INK Nickel nanoparticles and nanowires have been formulated 
with different techniques such as hydrothermal processing , 

CROSS REFERENCE chemical reduction and electrochemical deposition . Nanow 
ires of nickel have many applications including magnetic 
data storage and magnetic sensors because of the strong This application claims the benefit of the filing date of shape anisotropy generated from the high aspect ratio of 

U.S. Provisional Patent Application Ser . No. 62 / 659,269 , nanowires . However , the methods to fabricate and print the 
filed Apr. 18 , 2018 , which is hereby incorporated by refer- nanowires onto desired substrates require several compli 
ence in its entirety . cated steps . Therefore , it is of great significance to develop 

This invention was made with government support under a practical approach to fabricating nanowires having the 
grant number 005134-003 awarded by NYS Empire State desired orientation directly onto the preferred substrate . 
Development and 1R01DC014568-1 awarded by NIH . The Various printing techniques have been developed to pat 
government has certain rights in the invention . tern metal inks onto the desired substrate . Typical examples 

15 include flexography , gravure , screen - printing , inkjet and 
FIELD aerosol jet printing . Among these processes , inkjet and 

aerosol jet printing are capable of on - demand digital mate 
rial printing . They are able to print using very small quan The present invention relates to magnetic field patterning tities of ink , and they are non - contact printing processes . In of electrically anisotropic nickel nanofibers using precursor 20 an aerosol jet system , the ink is either pneumatically or 

ink and methods thereof . ultrasonically atomized into a mist that is focused in a nozzle 
and directed towards the substrate . Larger standoff distances 

BACKGROUND are possible with aerosol jet than with inkjet printing . This 
feature enables printing of the ink on planar as well as 

Formulation of Ni MOD ( metal organic decomposition ) 25 non - planar substrates . Aerosol jet printing has been used to 
precursor inks is challenging because nickel can be easily fabricate different functional devices such as transistors , 
oxidized upon contact with air . The traditional method of sensors , and strain gauges . 
reducing nickel or other element using MOD technique SUMMARY produces nanoparticles without any alignment . Other nickel 
MOD ink published in the literature show no such align- 30 In accordance with one aspect of the present disclosure , ment . there is provided a method to produce aligned nickel nanow In functional printing applications , metallic inks may be ires having unique and customizable structures on a variety used to produce features intended to conduct electricity ( e.g. , of substrates for electronic and magnetic applications . 
printed electronics ) or heat ( e.g. , printed heaters ) . In recent Metallic structures are produced directly onto the substrate 
years , researchers have begun to use different digital printing 35 by reduction of a precursor ink in the presence of a magnetic 
techniques such as aerosol jet , inkjet , and micro - extrusion to field . The ink is a homogeneous solution which can be 
print functional devices such as antennas , electrical circuit printed in ambient conditions using direct write printing 
components , and sensors using copper and silver metal inks . techniques . The reduction of the precursor is simple and 
For printing of magnetic devices , transition metals such as produces pure , template free , aligned nanowires without any 
Fe , Co and Ni are widely used owing to their ferromagnetic 40 further purification . The film morphology can be easily 
properties . Among these , nickel is mainly used due to its manipulated during the reduction process to produce differ 
corrosion resistance , good electrical conductivity , high mag- ent structures having unique electrical , magnetic and optical 
netic permeability , and relatively high saturation magneti- properties . 
zation . The printable materials are typically formulated as In accordance with one aspect of the present disclosure , 
inks or pastes which require specific rheology or flow 45 there is provided a method for producing printed , cured , and 
properties tuned for the selected printing process . These magnetically aligned geometric patterned metallic nanow 
metal inks are commonly classified as either nanoparticle ires having preferential orientations . 
inks or metal organic decomposition ( MOD ) precursor inks . In accordance with another aspect of the present disclo 
Nanoparticle metal inks of copper , nickel and silver have sure , there is provided a method for sequentially printing , 
been used in printed electronics . The stability of nanopar- 50 curing , and magnetically aligning two or more printed 
ticle inks is affected by factors such as agglomeration of the geometric patterns in which metallic nanowires associated 
particles and evaporation of the carrier solvent . Nanoparticle with each printed pattern have similar or dissimilar orien 
inks are prone to agglomeration over time , which can tations . 
adversely affect print quality due to clogging and uneven In accordance with another aspect of the present disclo 
material deposition . Evaporation of carrier solvent during 55 sure , there is provided a method including printing a ferro 
printing with some aerosol based printing processes leads to magnetic precursor ink on a substrate ; and curing or sinter 
an increase in the ink's solid loading content , thus altering ing the printed ink in the presence of an externally applied 
the ink's rheological properties . MOD inks have received magnetic field , so as to reduce the printed ink into nanofibers 
considerable interest in the research community due to their aligned with the direction of the applied magnetic field lines . 
potential for overcoming some of the challenges with nan- 60 These and other aspects of the present disclosure will 
oparticle inks . MOD precursor inks are formulated by dis- become apparent upon a review of the following detailed 
solving an organic metal salt in an appropriate solvent to description and the claims appended thereto . 
produce homogeneous solution . However , the solid load 
ing with the MOD precursor inks is typically lower than that BRIEF DESCRIPTION OF THE DRAWINGS 
of nanoparticle metal inks . MOD precursor inks of different 65 
metals such as copper , gold , and silver have been formulated FIG . 1 is a thermogravimetric analysis ( TGA ) and differ 
and used in printed electronic applications . The formulation ential thermal analysis ( DTA ) of a Ni MOD ink ; a 
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FIG . 2 is an EDS spectrum of a printed and sintered Ni corrosion at high temperatures . Other applications may 
MOD ink ; require a magnetic material with highly anisotropic proper 
FIG . 3A is an SEM image with corresponding 2D FFT ties . Since the film morphology can be easily manipulated 

alignment plots of two - nickel layers sintered without the during the reduction process , a number of different novel 
application of magnetic field , FIG . 3B is an SEM image with 5 structures having unique electronic , magnetic and optical 
corresponding 2D FFT alignment plots of two - nickel layers properties can be produced . 
sintered in a homogeneous magnetic field of 250 Oe in the In accordance with the methods herein , a plurality of 
same direction for all layers , and FIG . 3C is an SEM image layers of ferromagnetic precursor inks are printed and cured 
with corresponding 2D FFT alignment plots of two - nickel in the presence of an externally applied magnetic field , 
layers with multilayer printing and heating in presence of 10 where the orientation of the magnetic field is varied from 
homogeneous magnetic field with alternating 0 ° and 90 ° one layer to the next such that the orientation of nanofibers 
orientations between layers ; varies between layers . In accordance with the methods 
FIG . 4 is an electrical characterization of a Ni MOD ink herein , a sequence of geometric patterns of ferromagnetic 

sintered without the application of magnetic field , homoge- precursor inks are printed and cured in the presence of an 
neous magnetic field , and homogeneous magnetic field 15 externally applied magnetic field , where the orientation of 
applied in perpendicular directions ; the magnetic field is varied for each printed geometric 
FIG . 5A is a magnetic characterization of a Ni MOD ink pattern such that the orientation of nanofibers is varied from 

for particles not aligned , FIG . 5B shows magnetic charac- one geometric pattern to another , wherein optionally the 
terization for particles aligned and FIG . 5C shows magnetic patterns fully or partially overlap with one another . In 
characterization for particles with interlayered orientation ; 20 accordance with the methods herein , the printing process 
and includes inkjet , aerosol printing , microextrusion , direct 
FIG . 6A is an aerosol jet printed pattern of nickel MOD write printing , flexography , gravure , screen printing , or other 

ink with a square coil pattern on Kapton® thin film , FIG . 6B types of ink and paste printing known to those having skill 
is the optical profile of the sintered square coil and FIG . 6C in the art . In accordance with the methods herein , the 
is the cross section thickness of the sintered square coil . 25 substrate is flexible , rigid , metallic , nonmetallic , planar , 

non - planar or combinations thereof . In accordance with the 
DETAILED DESCRIPTION methods herein , the sintering or curing may be achieved 

using thermal processing tools such as vacuum furnaces , hot 
The present disclosure includes a method to print nickel plates , near infrared lamps , laser sintering , pulsed photonic 

or other ferromagnetic metal precursor ink directly on a 30 sintering , or other type of curing or sintering known to those 
wide range of substrates for electronics , magnetic and opti- having skill in the art . In accordance with the methods 
cal applications . By sintering the nickel or other ferromag- herein , the nanofibers can have different aspect ratios and / or 
netic metal precursor ink in the presence of a homogeneous different orientations based on the applied magnetic field 
magnetic field , the precursor ink reduces into continuously and be densely or loosely packed . In accordance with the 
aligned nanofibers in the direction of the magnetic field 35 methods herein , the substrate film includes different thick 
directly on the substrate . The aligned fibers provide aniso- ness . In accordance with the methods herein , the ink 
tropic electrical , magnetic and optical properties in a direc- includes metallic , nanoalloy or nonmetallic nanoparticles 
tion of fiber alignment . A MOD precursor ink is presented in with or without ferromagnetic precursor ink . 
which the nickel complex ink is reduced to elemental nickel . The technology is further illustrated with reference to the 
The ink can be printed using the aerosol jet technique or 40 following specific examples . It is understood that these 
other printing processes ( e.g. , inkjet , microextrusion , and examples are given by way of illustration and are not meant 
electrohydrodynamic printing ) on different substrates . The to limit the disclosure or the claims to follow . 
reduction of nickel is observed with and without the pres 
ence of a magnetic field . The electrical and magnetic prop Example 1 
erties are enhanced in the direction of the aligned nickel 45 
particles . The reduction reaction is simple and byproducts Materials : All the chemicals used were analytical grade . 
are volatile , leaving quantitatively pure nickel nanowires Nickel formate ( molecular weight ( MW ) : 148.74 ) was pur 
without the need for further purification . This reduction in chased from Alfa Aesar , US , and ethylene diamine was 
the presence of a magnetic field produces pure , template purchased from Fisher Scientific , US . These chemicals were 
free , aligned nanowires over large areas with weak magnetic 50 used without any further purification steps . Glass micro 
fields . scope slides ( Thermo Scientific , USA ) and Kapton® film 

Fabricating aligned interlayered nanofibers in the printed ( DuPont USA , polyimide , 1 mil thick ) were used as sub 
film provides enhanced isotropic electrical properties . strates . 
Printed electronic applications include conductors , resistors , Ink Formulation ( Ni - MOD ) : Ethylenediamine ( 0.72 ml , 
and thermistors . The alignment can be used in magnetic data 55 10.77 mmol ) was dissolved in 4 mL of distilled water . 
storage . The alignment of the reduced nickel has different Nickel formate ( 0.8 g , 5.38 mmol ) was then added to this 
properties in comparison with the prior published technol- solvent mixture and stirred at room temperature for 15 
ogy . The alignment enhances the electrical and magnetic minutes . The ink was filtered through a 0.2 um syringe filter . 
properties in the direction of the reduced nickel . The number Other additives such as 1 % w / w of Polyvinylpyrrolidone 
of publications in reducing nickel ink is limited . The align- 60 ( MW : 3500 , K 12 ) and 20 uL of BYK 333 surfactant ( 10 % 
ment of the reduced nickel shows anisotropic electrical V / v solution in distilled water ) were added to the filtered 
properties which can be explored in fabricating different mixture . 
types of sensors and other printed electronic devices . The Characterization : Surface tension of Ni - MOD ink was 
alignment of the nickel may improve mechanical properties . measured using a contact angle goniometer and tensiometer 
Ink can be used as an electrode in printed electronic appli- 65 ( Model 250 , Rame - Hart , USA ) using the pendant drop 
cations where copper or silver cannot be used . For example , method . The viscosity of the ink was measured using a 
some applications may require a metal which could resist microVISC viscometer ( RheoSense , USA ) . The surface 








